INTRODUCTION
============

Spinal muscular atrophy (SMA) is an autosomal recessive neurological disorder characterized by loss of lower motor neurons, leading to weakness and skeletal muscle atrophy, and it is one of the leading genetic causes of infant death. More than 90% of SMA results from deletion of the survival motor neuron (*SMN1*) gene, with all patients retaining at least one copy of the homologue *SMN2* ([@B34]). While *SMN1* produces predominantly full-length SMN protein, *SMN2* contains a translationally silent C-to-T transition within exon 7, causing this exon to be mostly skipped during mRNA splicing and producing a truncated protein (SMNΔ7) that is unstable and rapidly degraded ([@B12]; [@B37]; [@B36]; [@B41]; [@B5]). Human *SMN2* in transgenic mice mitigates the severity of the SMA disease phenotype on a mouse *smn*-null background, with a gene dosage effect ([@B18]). Patients with mild SMA phenotypes often have three or more *SMN2* copies, and some individuals with four or five *SMN2* genes have been found to be phenotypically normal ([@B34]; [@B39]; [@B44]).

SMN is degraded through the ubiquitin proteasome system (UPS; [@B8]; [@B5]; [@B30]). In this system, proteins destined for degradation are tagged by linkage to ubiquitin through the action of three enzymes: E1 (ubiquitin-activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin ligase) ([@B43]). E3 ligases confer the substrate specificity in this process and thus have been considered candidates for targeted inhibition of protein degradation.

We have shown that SMN protein levels are increased in cell culture and animal models with inhibition of the proteasome ([@B5]; [@B30]). Because protein degradation by the UPS is an essential process in cellular homeostasis and general inhibition may have undesired effects, we sought to identify and characterize the E3 ligase(s) responsible for specifically targeting SMN for degradation. We chose to evaluate mind bomb 1 (Mib1) as a candidate, based on its role in inhibiting the outgrowth of neurites in cultured neurons ([@B11]). Loss of *Drosophila melanogaster* Mib1 increases the number of synaptic boutons at neuromuscular junctions (NMJs), producing synaptic overgrowth, while reduction of SMN reduces the number of NMJ boutons in *D. melanogaster* and results in aberrantly truncated motor neurons in *Danio rerio* ([@B40]; [@B11]; [@B7]). Mib1 is a multidomain enzyme with three carboxyl-terminal really interesting new gene (RING) finger domains ([@B23]; [@B21]; [@B52]; [@B53]). Its best-characterized role is in activating the Delta-Notch signaling pathway, which controls differentiation by regulating cell--cell communication ([@B21]; [@B9]; [@B1]; [@B28]; [@B31]). Other functions of Mib1 have also emerged. Mib1 has been identified in postsynaptic densities, in which it has been shown to function as a binding partner of the CDK5 complex in regulating morphogenesis in postmitotic neurons ([@B11]) and in regulating apoptosis by promoting the proteasomal degradation of the anti-apoptotic factor death-associated protein kinase (DAPK; [@B23]). Recently overexpression of Mib1 was shown to promote the ubiquitination of receptor-like tyrosine kinase (RYK), reducing its steady-state levels at the plasma membrane ([@B2]).

In this study, we show that SMN interacts with Mib1 and that overexpression of Mib1 in cultured cells increases SMN ubiquitination and degradation. Importantly, Mib1 knockdown results in increased SMN levels in cultured cells and ameliorates the neuromuscular pharyngeal pumping defect in *Caenorhabditis elegans* deficient in SMN, indicating a physiological role for Mib1 in modulating SMN.

RESULTS
=======

Mib1 increases SMN ubiquitination and protein turnover
------------------------------------------------------

E3 ligases promote protein degradation by catalyzing the transfer of ubiquitin molecules from the E2 enzyme onto substrate proteins. To determine whether Mib1 ubiquitinates SMN, we cotransfected the motor neuron--derived hybrid cell line, NSC34, with hemagglutinin (HA)-tagged ubiquitin and full-length or selected domains of myc-tagged Mib1. The cells were then lysed in buffer containing ubiquitin aldehyde to inhibit deubiquitination and immunoprecipitated with an antibody to SMN. To ensure that the ubiquitin-positive bands on the Western blot were ubiquitinated SMN and not ubiquitinated proteins associated with SMN, we disassociated SMN from its binding partners before immunoprecipitation by denaturing them with 1% SDS, followed by renaturation in 4.5% Triton X-100. These conditions were sufficient to dissociate SMN from known binding partners (Supplemental Figure S1). Immunoblots of immunoprecipitated SMN were probed with anti-HA antibody to detect ubiquitinated SMN. The ubiquitination of endogenous SMN, as indicated by a high-molecular-weight, ubiquitin-positive smear, is increased in cells expressing full-length, but not truncated or active-site mutant forms of Mib1 ([Figure 1, A and B](#F1){ref-type="fig"}). In contrast, overexpressing the E3 ligase parkin did not increase SMN ubiquitination, ruling out the possibility that overexpressing any E3 ligase would indiscriminately increase SMN ubiquitination (Figure S2). We then performed an in vitro ubiquitination assay to determine whether Mib1 directly ubiquitinates SMN. Purified recombinant Mib1 and SMN proteins were incubated in reaction buffer containing ubiquitin, ubiquitin-activating enzyme (E1), and the ubiquitin-conjugating enzyme (E2) UBCH5b. Mib1 ubiquitinates SMN in this cell-free system, as seen by Western blots probed with an antibody to polyubiquitinated proteins, consistent with the results in cultured cells ([Figure 1C](#F1){ref-type="fig"}). Given that Mib1 ubiquitinates SMN, we next sought to quantify the effect of Mib1 on SMN protein turnover. We performed pulse--chase analysis using HEK-293T cells transfected with wild-type Mib1-myc or an active-site mutant, Mib1-C1009S-myc, to determine whether the E3 ligase activity of Mib1 alters SMN protein half-life. We found that overexpressing wild-type Mib1 decreased the half-life of newly synthesized radiolabeled SMN by half, from ∼4 to 2 h, compared with the active-site Mib1 mutant ([Figure 1D](#F1){ref-type="fig"}). In addition, overexpressing Mib1 in the NSC34 cells reduced steady-state levels of SMN protein, and this effect was blocked by the proteasome inhibitor bortezomib ([Figure 2A](#F2){ref-type="fig"}), indicating that Mib1 targets SMN for proteasomal degradation.

![(A) NSC-34 cells were transfected with 2 μg Mib1 and 1 μg HA-Ub cDNAs. The cells were harvested 48 h later, and endogenous SMN was immunoprecipitated. Immunoprecipitated proteins were resolved by SDS--PAGE, and the proteins were analyzed by Western blotting. The blots were probed with an HA antibody to detect ubiquitinated SMN. (B) Schematic representation of Mib1 protein domains. (C) Cell-free SMN ubiquitination assay. Recombinant SMN was incubated with E1 and E2 (UBCH5B) enzymes with or without Mib1 and ubiquitin for 1 h at 37°C. Western blots were probed with an anti-polyubiquitin antibody (FK1). (D) Pulse--chase analysis of endogenous SMN in the presence of 2 μg Mib1-myc or Mib1-C1009S-myc. The data represent mean ± SEM of three independent experiments.](1863fig1){#F1}

![Effects of Mib1 overexpression on SMN protein levels and gem number. (A) HEK-293T cells were transfected with either 1 or 2 μg Mib1-myc cDNA. At 24 h after transfection, cells were treated with either vehicle (water) or 1 μM bortezomib and harvested 6 h later. Cell lysates were resolved by SDS--PAGE, and densitometry of the resulting bands was performed using ImageJ software (National Institutes of Health). SMN protein levels were corrected based on actin values. The data represent mean ± SEM of three independent experiments. \*, *p* \< 0.05. (B) Overexpression of Mib1 decreases gem number and intensity in cultured cells. HeLa cells were transfected with Mib1-myc or Mib-C1009S-myc for 24 h. The cells were fixed and stained with antibodies to SMN and myc and the appropriate Alexa Fluor secondary antibodies for visualization by microscopy. The number and intensity of nuclear gems were quantitated using Nikon NIS Elements software. At least 300 cells were counted for each transfection condition. That data represent mean ± SEM of three independent experiments. \*\*\*, *p* \< 0.001.](1863fig2){#F2}

The SMN complex is assembled in the cytoplasm before it is imported into the nucleus, where it localizes to Cajal bodies or gems. The number of these SMN-positive nuclear bodies has been used as a measure for evaluating changes in functional SMN protein levels ([@B12]; [@B22]; [@B51]). We counted the number of SMN-positive nuclear puncta per nucleus and assessed their fluorescence intensity in HeLa cells overexpressing wild-type Mib1 or mutant Mib1-C1009S. We found that the number and intensity of SMN-positive bodies were significantly reduced in cells overexpressing wild-type Mib1 compared with untransfected cells (Alexa Fluor 488--negative) and with those expressing Mib1-C1009S (*p* \< 0.0001, [Figure 2B](#F2){ref-type="fig"}). Together, these data demonstrate that Mib1 determines SMN protein levels by promoting its ubiquitination and subsequent degradation.

Reducing Mib1 expression increases SMN protein levels
-----------------------------------------------------

Because Mib1 overexpression decreased SMN levels we next investigated whether decreasing Mib1 increases SMN levels. We transfected HEK-293T cells with Mib1 small interfering RNA (siRNA) or a scrambled control, and we confirmed by RT-PCR that Mib1 levels were reduced by more than half 72 h after transfection with Mib1 siRNA ([Figure 3A](#F3){ref-type="fig"}). Importantly, SMN protein levels were significantly increased when Mib1 was knocked down (*p* \< 0.001, [Figure 3A](#F3){ref-type="fig"}). It has previously been reported that the microRNA miR-137 targets Mib1 mRNA and regulates its protein expression ([@B47]). We sought to determine whether overexpressing miR-137 also affects SMN protein levels. We confirmed that transfection of cells with miR-137 decreased Mib1 mRNA and protein levels ([Figure 3B](#F3){ref-type="fig"}), and we found that SMN levels were increased in cells transfected with miR-137 compared with a scrambled microRNA control ([Figure 3B](#F3){ref-type="fig"}). Importantly, we confirmed that short hairpin RNA (shRNA) knockdown of Mib1 increases SMN protein levels in SMA patient--derived fibroblasts ([Figure 3C](#F3){ref-type="fig"}). SMN transcript levels were unchanged by siRNA to Mib1 or by miR-137 ([Figure 3D](#F3){ref-type="fig"}). Thus, using three independent techniques and two cell lines we have shown that reducing Mib1 expression results in increased SMN protein levels.

![(A) HEK-293T cells were transfected with either 100 pmol of scrambled siRNA or Mib1 siRNA for 72 h. Mib1 and SMN protein levels were determined after 72 h by Western blotting. (B) HEK-293T cells were transfected with either 100 μM negative control miRNA or miR-137 for 72 h. SMN protein levels were determined by Western blotting. The data represent the mean ± SEM of three independent experiments. (C) SMA patient--derived fibroblasts (3813) were transfected with Mib1 siRNA or scrambled control. Cells were harvested 72 h post-transfection, and Mib-1 mRNA and SMN protein levels were assessed by RT-PCR and Western blot analysis, respectively. (D) HEK-293T cells were transfected with Mib1 siRNA, miR-137, or scrambled control. Cells were harvested 72 h posttransfection, and SMN mRNA level was analyzed by RT-PCR. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001.](1863fig3){#F3}

Interaction of Mib1 and SMN is mediated by the N-terminal domain of Mib1 and the segment of SMN encoded by exon 6
-----------------------------------------------------------------------------------------------------------------

We next investigated whether Mib1 interacts with SMN. Using a monoclonal antibody to SMN, we found that endogenous Mib1 coimmunoprecipitated with endogenous SMN ([Figure 4A](#F4){ref-type="fig"}), indicating that these proteins associate. No interaction was detectable between SMN and Mib2, a homologue of Mib1 ([@B29]) with very similar structural domain organization ([Figure 4B](#F4){ref-type="fig"}), demonstrating the specificity of the interaction between Mib1 and SMN. To further characterize the interaction between Mib1 and SMN, we used purified recombinant Mib1 in pull-down assays with purified glutathione *S*-transferase (GST)-SMN or GST alone. We found that GST-SMN but not GST alone pulled down Mib1 ([Figure 4C](#F4){ref-type="fig"}), confirming a direct interaction between SMN and Mib1 and showing that other factors, including members of the SMN complex, are not required for this interaction.

![(A) Endogenous SMN was immunoprecipitated from HEK-293T cell lysates with an antibody to SMN, and immunoprecipitates were resolved by SDS--PAGE. Association with Mib1 was determined by Western blot analysis using an antibody to Mib1. (B) Protein lysates from HEK-293T cells were immunoprecipitated with an SMN antibody. While Mib1 coimmunoprecipitated with SMN, Mib2 was not detected by Western blot analysis. Membranes were probed with anti-SMN, anti-Mib1, and anti-Mib2 antibodies. (C) GST or GST-SMN was used to pull down purified recombinant Mib1 protein. (D) Myc-tagged Mib1 constructs containing either full-length or truncated transcripts of the Mib1 gene were transiently transfected into HEK-293T cells. Immunoprecipitation using an anti-myc antibody was performed, and interaction with endogenous SMN was detected by Western blot analysis using an anti-SMN antibody. (E) HEK-293T cells were transfected with 0.5 μg full-length SMN cDNA or various SMN constructs with a single-exon deletion, and 2 μg Mib1-FLAG. Mib1-FLAG was immunoprecipitated and resolved on a SDS--PAGE gel. Western blots were probed with antibodies to FLAG and Myc to determine binding of Mib1 to SMN. (F) HEK-293T cells were transfected with 2 μg Mib1-FLAG, 1 μg HA-Ub, and 1 μg either full-length SMN-myc or SMNΔ6-myc. The cells were harvested 48 h later, myc-tagged SMN was immunoprecipitated using an anti-myc antibody, and the proteins were separated by SDS--PAGE and detected by Western blotting. The blots were probed with an HA antibody to detect ubiquitinated SMN. (G) HEK-293T cells were transfected with 2 μg Mib1-myc and either 0.5 μg GFP-tagged wild-type SMN, SMN G279V, or SMN Y272C. The cells were harvested 48 h later, and SMN was immunoprecipitated with an anti-myc antibody and resolved on a SDS--PAGE gel. Western blots were probed with antibodies to myc and GFP to determine interaction of Mib1 and wild-type SMN or the disease-associated mutants.](1863fig4){#F4}

We then asked which domains of Mib1 mediate the interaction with SMN. Using constructs containing various regions of the Mib1 gene, we performed coimmunoprecipitation assays to map the domains of Mib1 required for SMN binding. While the N-terminal region of Mib1 (m132-myc) coimmunoprecipitated with SMN, constructs containing the middle ankyrin repeat and C-terminal RING domain showed weak or no interaction ([Figure 4D](#F4){ref-type="fig"}). Additionally, the C-terminal active-site mutation C1009S had no effect on SMN binding ([Figure 4D](#F4){ref-type="fig"}). To map the regions of SMN that mediate binding with Mib1, we cotransfected a FLAG-tagged Mib1 construct with constructs expressing either full-length SMN or SMN lacking each of its seven translated exons. Full-length SMN and each deletion mutant, with the exception of SMNΔ6, coimmunoprecipitated with Mib1, indicating that the SMN exon 6 is required for interaction with Mib1 ([Figure 4E](#F4){ref-type="fig"}). Moreover, we found that deletion of SMN exon 6 not only disrupts binding with Mib1 but markedly reduced its ubiquitination by Mib1 ([Figure 4F](#F4){ref-type="fig"}). Because the domain encoded by exon 6 mediates SMN oligomerization, we examined whether SMN oligomerization is required for Mib1 to interact with SMN. We found that Mib1 coimmunoprecipitated with wild-type SMN as well as with the patient-derived SMN mutants SMN-G279V and SMN-Y272C, which do not efficiently self-associate or oligomerize ([Figure 4G](#F4){ref-type="fig"}). Thus SMN oligomerization is not required for Mib1 association.

We sought to determine whether Mib1 contributes to the instability of SMNΔ7. We found that overexpressing Mib1 resulted in greater ubiquitination of SMNΔ7 than full-length SMN, and knocking down Mib1 increased SMNΔ7 stability ([Figure 5, A and B](#F5){ref-type="fig"}). These data suggest that the instability of the SMNΔ7 is due in part to ubiquitination by Mib1.

![(A) HEK-293T cells were transfected with 2 μg full-length SMN or SMNΔ7 and 1 μg Mib1-FLAG and HA-Ub cDNAs. The cells were harvested 48 h later, SMN was immunoprecipitated and resolved by SDS--PAGE, and the proteins were analyzed by Western blotting. The blots were probed with an HA antibody to detect ubiquitinated SMN. (B) Pulse--chase analysis of full-length SMN and SMNΔ7, in the absence or presence of 2 μg Mib1-myc. The data represent the mean ± SEM of three experiments.](1863fig5){#F5}

Loss of the *C. elegans* orthologue *mib-1* ameliorates the neuromuscular defects caused by *smn-1* loss of function
--------------------------------------------------------------------------------------------------------------------

Potential cross-species conservation of the SMN-MIB1 interaction was examined in *C. elegans*. The *C. elegans* genome has a single orthologue of *SMN*, *smn-1*. Homozygous *smn-1* loss of function causes developmental delay, impaired locomotion, reduced pharyngeal pumping, and larval lethality ([@B4]; [@B14]). Although complete loss of SMN function causes lethality, *smn-1* animals can survive for several days due to partial maternal rescue. The *C. elegans* orthologue of human *MIB1* is the gene *mib-1* ([@B2]). To assess genetic interactions, we decreased Mib-1 levels in *smn-1*--deficient animals by RNA interference (RNAi) through feeding ([@B49]; [@B48]). Knocking down the Mib-1 *C. elegans* orthologue increased the pharyngeal pumping rates of *smn-1*--deficient animals, but this did not reach statistical significance (*p* = 0.06, Figure S3). RNAi by feeding is generally less effective in neurons than in other tissues ([@B25]; [@B48]; [@B45]). To circumvent this difficulty, we increased neuronal sensitivity to RNAi feeding by ectopic neuronal expression of the SID-1 double-stranded RNA channel in *smn-1* animals ([@B6]). In this sensitized background, *mib-1* RNAi significantly ameliorated the *smn-1* pharyngeal pumping defects ([Figure 6A](#F6){ref-type="fig"}; *p* = 0.04), suggesting that MIB-1 is a conserved cross-species modifier of SMN loss-of-function defects. Because Mib1 plays an important role in Notch function ([@B21]; [@B31]; [@B32]), we examined whether the MIB-1 impact was due to perturbations in Notch signaling. Loss of the Notch coligand function ([@B27]; [@B46]) in *smn-1* mutants did not ameliorate the pharyngeal pumping defect of *smn-1(ok355);osm-11(rt142)* animals ([Figure 6B](#F6){ref-type="fig"}). While we cannot rule out SMN-independent effects, these data suggest that MIB-1 directly impacts SMN-1 function independent of Notch signaling.

![Knockdown of the *C. elegans* orthologue of Mib1 ameliorates the pharyngeal pumping neuromuscular defects of *smn-1* loss-of-function animals. (A) *mib-1* knockdown significantly increases pharyngeal pumping in *smn-1* deficient animals with SID-1 sensitization, which increases RNAi neuronal sensitivity. (B) Loss of the Notch coligand function in *smn-1* mutants did not ameliorate the pharyngeal pumping defect of *smn-1(ok355);osm-11(rt142)* animals. Pharyngeal pumping events were measured in both control and *mib-1* RNAi-fed animals. All error bars are SEM; \*, *p* \< 0.05.](1863fig6){#F6}

DISCUSSION
==========

Through this study, we provide evidence that the E3 ligase Mib1 ubiquitinates and catalyzes SMN protein degradation. These effects are not associated with changes in SMN mRNA expression and are not observed when a ligase-defective point mutant of Mib1 is expressed. Knocking down Mib1 increases SMN protein levels in cultured cells and partially rescues a neuromuscular defect due to SMN deficiency in *C. elegans*. These data indicate that Mib1 reduces SMN protein stability by targeting it for degradation by the proteasome and represents a new modifier of the SMA phenotype.

The inverse correlation between *SMN2* copy number and SMA severity indicates that increasing SMN protein levels may ameliorate the disease phenotype. Mechanisms to increase SMN protein levels have been actively pursued as therapeutic options for SMA. Inhibiting the degradation of SMN is one way to increase its steady-state level. Inhibiting the proteasome increases SMN levels in cultured cells and SMA model mice ([@B30]), and it ameliorates the disease phenotype. Identifying enzymes that specifically target SMN for degradation could thus provide new therapeutic targets. We show here that overexpression of Mib1 increases ubiquitination of SMN, as indicated by increased ubiquitin--SMN conjugates. We found that overexpressed Mib1 accelerates the rate of SMN degradation, whereas knockdown of Mib1 by either siRNAs or the microRNA mir-137 stabilizes SMN. Our data demonstrate that Mib1-mediated ubiquitination of SMN enhances its degradation and decreases steady-state SMN protein levels.

While most SMA patients have homozygous deletion of the *SMN1* gene, they all retain at least one copy of *SMN2*. The major *SMN2* gene product is the truncated SMNΔ7 protein that, based on its ability to extend the survival of SMA mice, likely retains some function but is unstable and rapidly degraded. The instability of SMNΔ7 is thought to be due to a number of factors, including its inability to self-associate ([@B38]; [@B5]) and the presence of a degradation signal that promotes its rapid turnover ([@B10]). In this study, we show that Mib1 ubiquitinates SMNΔ7 to a greater extent than full-length SMN. We propose that the increased Mib1-mediated ubiquitination of SMNΔ7 could at least in part account for the relative instability of the SMNΔ7 protein. Consistent with this, reducing Mib1 levels results in increased stability of SMNΔ7 protein.

We found that the interaction of SMN with Mib1 is likely mediated by the domain encoded by exon 6. Missense mutations in exon 6 and deletion of exon 7 disrupt SMN\'s ability to oligomerize ([@B38]; [@B42]; [@B54]; [@B33]), resulting in severe SMA; this may be because SMN that fails to oligomerize is rapidly degraded ([@B5]). A mutation in SMN exon 6 that disrupts oligomerization (Y272C) also destabilizes the SMN protein, and cells from a patient with this mutation have similar SMN levels to those with homozygous deletion of *SMN1* ([@B35]). One possibility is that Mib1 interacts only with SMN that is oligomerized, as exon 6 mediates SMN oligomerization. However, this is not likely because Mib1 interacts with SMN that has the patient-derived mutations G279V and Y272C, which do not efficiently oligomerize ([Figure 4G](#F4){ref-type="fig"}). Thus it is more likely that the inability of SMN to oligomerize increases the likelihood of binding to Mib1. Because the exon 6 domain mediates SMN self-association ([@B38]), this domain may not be available for interaction with Mib1 when SMN oligomerizes or is in a complex. This could explain the increased stability of complexed SMN, which is inaccessible to Mib1 and thus unlikely to be ubiquitinated and degraded.

While this article was in preparation, Usp9x (also known as fat facets, FAM), a deubiquitinating enzyme (DUB), was found to stabilize SMN by reducing its ubiquitination ([@B16]). Interestingly, Usp9x/FAM also interacts with Mib1 ([@B11]), which points to the possibility that Usp9x and Mib1 act in concert to regulate SMN protein levels.

Two genetic modifiers of SMA have been reported in humans: SMN2 and plastin3. A genome-wide RNAi screen in *C. elegans* and *Drosophila* deficient in SMN identified other genes that modify the disease phenotype in these model systems ([@B14]). SMN deficiency in *C. elegans* is characterized by marked reduction in the rate of pharyngeal pumping. We show here that Mib1 knockdown by RNAi partially rescues the SMN-deficient phenotype in *C. elegans*, indicating that Mib1 may be a modifier of SMA. Our biochemical data suggest that Mib1 promotes SMN degradation by the proteasome. However, we cannot rule out the possibility that SMN-independent pathways involving other functions of Mib1 are responsible for the partial rescue of the neuromuscular phenotype. Nonetheless, the identification of a new modifier of the SMA phenotype is of particular importance, given the currently limited number of targets with a favorable therapeutic index.

The steady-state level of a protein is governed by the balance between protein synthesis and degradation. Strategies to increase SMN protein synthesis by up-regulating the gene, stabilizing the mRNA, and altering splicing to promote inclusion of exon 7 have been pursued in SMA therapeutic development. That the *SMN2* gene produces some full-length SMN protein suggests that strategies to slow its degradation may also be therapeutic options. Because SMN is ubiquitinated and degraded by the proteasome, retarding its turnover either through blocking the proteasome or inhibiting SMN ubiquitination may be useful in treating SMA. We have shown that SMA mice treated with the proteasome inhibitor bortezomib show reduced pathology and improved motor function ([@B30]). However, the toxicity of available proteasome inhibitors may preclude chronic use in SMA patients. While small molecule inhibitors of the proteasome have been developed for research and clinical use, E3 ubiquitin ligases are emerging as targets for disease treatment, because they confer the substrate specificity of the UPS. Drugs that inhibit E3 ligases involved in cell cycle regulation and cell proliferation are currently under study to treat various types of cancer. One such E3 ligase, murine double minute 2 (MDM2), regulates the tumor suppressor p53 and represses its role in cell cycle arrest and apoptosis ([@B15]; [@B17]). Inhibitors of the human homologue of MDM2 have been shown to reduce tumor growth and induce tumor cell apoptosis in vitro, providing an incentive for targeting MDM2 function to treat cancer in vivo ([@B20]; [@B26]). High-throughput small molecule compound screens have been used to identify inhibitors of E3 ligases ([@B13]; [@B19]). These screens may be adapted to identify molecules that disrupt the interaction between a ligase and its protein substrate, which would confer greater selectivity and reduce off-target effects. Nutlin, which inhibits the interaction between MDM2 and p53, was identified in a small molecule screen ([@B50]) and is currently being evaluated in early-phase clinical trials. While new, less toxic, general proteasome inhibitors are being developed, targeting an E3 ligase that selectively tags SMN for degradation may be safer and more effective. Small molecule screens to identify inhibitors of Mib1 may thus lead to novel therapeutics for SMA.

MATERIALS AND METHODS
=====================

Plasmids and miRNA
------------------

Plasmids encoding human full-length and truncated Mib1 were constructed as previously described ([@B21]). Mib1 shRNA and nonsilencing control were purchased from SABiosciences (KM26177G) and pre-miR miRNA precursors (control and miR-137) were purchased from Ambion (PM10513). Myc-Parkin was obtained from the Chitnis lab.

Cell culture, transfection, and Western blotting
------------------------------------------------

Human embryonic kidney HEK-293T and NSC34 cells were maintained at 37°C with 5% CO~2~ in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS and penicillin/streptomycin/glutamine (Invitrogen). Cells were plated into a six-well culture plate and transiently transfected with 0.5--4 μg of plasmid DNA per well using FuGENE HD transfection reagent (Roche Applied Science, Indianapolis, IN) according to the manufacturer\'s protocol. The total amount of DNA used for transfection was kept constant in each experiment by adding an appropriate amount of empty vector plasmid. Cells were harvested 24--48 h posttransfection.

For siRNA and miRNA transfections, HEK-293T cells were plated subconfluently in a six-well culture dish and transfected with 100 pmol of siRNA/miRNA and 10 μl of Lipofectamine 2000 (Invitrogen). After 48 h of transfection, cells were again transfected with siRNA/miRNA for 24 h and were harvested after a total 72 h of transfection.

Western blotting, immunoprecipitation, and pull-down assays
-----------------------------------------------------------

Transfected cells were lysed in either NP-40 lysis buffer (1% NP-40, 50 mM Tris-HCl, 150 mM NaCl, pH 8.0) or RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 0.1% SDS, pH 8.0) and quantified using the BCA Protein Assay Kit (Pierce, Rockford, IL) for Western blotting. Equal amounts of protein lysate (15 μg) were run and separated on a 10% SDS--PAGE (Invitrogen) and transferred to a polyvinylidene fluoride membrane (Invitrogen). They were then probed with the appropriate antibodies in 5% milk and washed with Tris-buffered saline and Tween 20. Antibodies: anti-SMN (BD Transduction), anti-Mib1 (Epitomics, Burlingame, CA), and anti-Mib2 (Sigma-Aldrich, St. Louis, MO) were used at a 1:1000 dilution; anti-FLAG M2 (Sigma-Aldrich), anti-Myc 9E10 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HA (Sigma-Aldrich), and anti-actin (Sigma-Aldrich) were used at a 1:5000 dilution. Anti-Mib1 serum was a gift from Junmin Peng (St. Jude Children\'s Research Hospital). The signal was visualized with a secondary antibody (anti-mouse or anti-rabbit immunoglobulin-horseradish peroxidase, both at 1:3000--10,000 dilution) using a chemiluminescence detection system (Perkin Elmer-Cetus, Waltham, MA).

For immunoprecipitation experiments, cell lysates were clarified by centrifugation and precleared with pan-mouse immunoglobulin G (IgG) Dynabeads (Invitrogen) for 1 h at 4°C. The lysates were then incubated with 1 μg of antibody for 2 h to overnight and then incubated with pan-mouse IgG Dynabeads for 1 h on a rotator at 4°C. The beads were washed with NP-40 buffer four to five times and boiled in SDS gel-loading buffer. Eluted proteins were run on an SDS--PAGE for Western blotting.

For the pull-down assay, 5 μg purified recombinant Mib1 protein purchased from Origene (Rockville, MD; TP321377) was incubated with GST or SMN-GST beads at 4°C on a rotator overnight. Samples were spun down, and the beads were washed five times with NP-40 buffer. Following the last wash, the beads were boiled in SDS gel-loading buffer for 5 min, and eluted proteins were processed for Western blotting.

RNA extraction and quantification
---------------------------------

Cells were homogenized in 500 μl TRIzol reagent (Invitrogen) and spun for 10 min at 4°C. One hundred microliters of chloroform was added to the supernatant, and the mixture was vortexed and spun down again. After the aqueous upper phase was transferred to another tube, 250 μl of isopropanol and 50 μl 3M sodium acetate were added. The RNA was then pelleted, washed with 70% ethanol, and resuspended in 100 μl DNase- and RNase-free water. Total RNA was quantified by absorption at 260 nm, and 450 ng of each RNA sample was converted to cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, Bedford, MA). Aliquots of 20 μl quantitative PCRs were run in triplicate using the ABI Prism 7900 sequence detection system (Applied Biosystems). The levels of hypoxanthine phosphoribosyltransferase (HPRT; control), SMN, and Mib1 transcripts were quantified by the threshold cycle with primers purchased from Applied Biosystems.

Immunohistochemical analysis of gem numbers
-------------------------------------------

The gem number was assayed 24 h after transfection with myc-Mib1 or myc-Mib1-C1009S. The cells were fixed, permeabilized, and immunostained with anti-SMN and anti-myc antibodies. Blinded counts of gems were performed in more than 300 nuclei for each condition.

In vitro ubiquitination
-----------------------

Recombinant SMN protein (Enzo Life Sciences, Farmingdale, NY) was incubated with ubiquitin, an E1 ubiquitin-activating enzyme (Boston Biochem, Cambridge, MA), E2 ubiquitin-conjugating enzyme, UBCH5B, and recombinant Mib1 (OriGene Technologies, Rockville, MD) in reaction buffer (50 mM Tris-HCl, pH 7.5, 2 mM ATP, 4 mM MgCl~2~, 2 mM dithiothreitol \[DTT\]) for 1 h at 37°C. Reactions were quenched with 30 μl of 5× Laemmli sample buffer (200 mM Tris, pH 6.8, 32% \[vol/vol\] glycerol, 6.4% \[wt/vol\] SDS, 0.32% \[wt/vol\] bromophenol blue, and 200 mM DTT), boiled for 5 min, and separated via SDS--PAGE. SMN ubiquitination was analyzed by Western blotting, using antibody against polyubiquitin (FK1; Enzo Life Sciences).

Pulse--chase protein labeling
-----------------------------

Pulse--chase analysis was performed as previously described ([@B5]). In brief, HEK-293T cells were incubated in cysteine-methionine--free medium (Sigma-Aldrich) for 2 h or 12 h; this was followed by incubation in cysteine-methionine--free medium containing 100 μCi of \[^35^S\]-labeled cysteine-methionine (GE Healthcare, Piscataway, NJ) for 1 h. After labeling, the cells were washed once with culture medium containing a 10-fold excess of unlabeled methionine and cysteine (5 mM each) and then incubated further in the same medium. The cells were collected at the indicated time points and processed for immunoprecipitation with anti-SMN antibody (BD Transduction Laboratories). Immunoprecipitations were carried out for 6 h at 4°C with antibodies bound to protein G-Sepharose (Sigma-Aldrich). After three washes with lysis buffer (100 mM NaCl, 10 mM Tris-HCl, pH 7.4, 2.5 mM MgCl~2~, 0.1% NP-40, and protease \[Roche\]) and phosphatase inhibitor cocktails (Sigma-Aldrich), bound proteins were eluted by boiling in SDS--PAGE sample buffer. Immunocomplexes were separated on 10% SDS--PAGE. The gels were dried and exposed to a phosphorimager screen, and the signal was visualized with a Storm phosphorimager system (Molecular Dynamics, Piscataway, NJ). Densitometric analysis of the protein bands was carried out using ImageQuant PhosphorImager software (Molecular Dynamics).

*C. elegans* strains
--------------------

*TU3311 uIs60 \[unc-119p::yfp, unc-119p::sid-1\]* ([@B6]), HA2258 *smn-1(ok355)/hT2\[bli-4(e937) let-?(q782) qIs48\]* (*I;III*); *uIs60* ([@B4]), and HA2201 *smn-1(ok355)/hT2\[bli-4(e937) let-?(q782) qIs48\]* (*I;III*); *osm-11(rt142)X* were maintained at 20°C according to standard protocols ([@B3]).

Construction of RNAi feeding clone for Y47D3A.22*/mib-1*
--------------------------------------------------------

A 796--base pair PCR product corresponding to the *C. elegans mib-1* cDNA ([@B2]) was cloned into the L4440 RNAi feeding vector; this was followed by transformation into the HT115(DE3) bacterial strain ([@B49]; [@B48]). Primers for amplification were ACH72 5'-tgatgctagcgcagcttctcctgttgcgtg-3' and ACH73 5'-tgatctcga­ggcg­ggagccga­tttgaactg-3'.

*C. elegans* pharyngeal pumping assay
-------------------------------------

The pharyngeal pumping assay was performed as previously described ([@B14]). Briefly, eggs hatched on L4440 control vector (L4440 \[RNAi\]) or (Y47D3A.22/*mib-1*\[RNAi\]) bacterial feeding strains ([@B24]) were reared after 2 d at 25°C and 1 d at 20°C. Pumping rates were determined using an AxioCam ICc1 camera on a Zeiss Stemi SV11 microscope (Carl Zeiss, Jena, Germany). A pumping event was scored as a pharyngeal grinder movement in any axis, and average pumping rates (± SEM) were derived in a blinded manner from at least three independent trials (*n* ≥ 30 animals in total). Heterozygous and homozygous *smn-1* loss-of-function animals were distinguished by green fluorescent protein (GFP) fluorescence. Both wild-type (N2) and *smn-1* loss-of-function heterozygous animals showed pumping rates that were not significantly different. Hence, heterozygous *smn-1* loss-of-function animals were used as controls in this study.

Statistics
----------

The biochemical data were analyzed with the GraphPad Prism software package (GraphPad Software, San Diego, CA) and compared statistically by either *t* test or one-way analysis of variance, with the Newman-Keuls multiple-comparison post hoc correction. To compare differences among the three groups, we performed a nonparametric equality of medians test, because the data were not normally distributed. If this was statistically significant, then a pairwise comparison between the two treatment groups was done using a Mann-Whitney test.
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Mib1

:   mind bomb 1

NMJ

:   neuromuscular junction

RING
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SMA

:   spinal muscular atrophy
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:   survival of motor neuron

UPS

:   ubiquitin proteasome system
